ABSTRACT：It was investigated that the variation of compressive strength, chloride diffusion coefficient and microstructure of concrete with different water-cement ratio and air content. The experimental results indicate that the bubble distribution and the continuity of the pores in the concrete are greatly affected by the air content in it. It enhanced the discontinuity of the pores and increased the number of tiny bubbles which were independent, closed, stable and equally distributed, as the air content was appropriate. So that it improved the resistance of chloride ion penetration. The chloride diffusion coefficient of C30 concrete whose air content was 5% was only 69.52% of that of theC30 reference concrete. And this effect to C50 concrete was more apparent than C30 concrete.
INTRODUCTION
The application of air entraining technology in concrete engineering has a history of more than half a century. In the beginning of 1938, air-entraining agent was applied in highway in the United States. After 1948, air-entraining agent and air-entraining superplasticizer was widely used in the United States highways, ports, bridges and other projects. In Japan, the concrete outside the air entrained concrete is regarded as special concrete, showing its popularity [1] .
The use of air-entraining agent in China began in the 1950s. In 1996, the HaSui highway construction which was built for the Winter Asian Games appeared serious erosion damage after using for a winter, caused by deicing salt. Then it caused the highway sector attention and started using air entraining agent in China in this engineering field [2] . Since then, it has been successfully applied in the bridge engineering and municipal engineering and the relevant specifications has been formulated [3] .
At present, the durability of concrete structures is in the ascendant, the durability problem has taken attention in the engineering sector, some industry standards of concrete structure durability design have been implemented [4] . However, most of studies on the air-entrained concrete are still concerned with its frost resistance. For example, Nathan P. Mayercsik, Wojciech Piasta et al. [12~16] studied the relationship between air-entrained concrete frost resistance and its micro-pore structure. There are not many detailed studies on the chloride ion permeability of air-entrained concrete. Wanhui Wen [7] studied the resistance of chloride ion permeability of concrete with different air content. In this paper, the micro-pore structure and the resistance to chloride ion permeability of concrete with different water-cement ratio and different air content were studied, and the relationship between micro-pore structure and chloride ion permeability were also explored.
MATERIALS AND METHODS

Materials
The type I Portland cement, type 52.5 [20] produced by Huanggang Huaxin Cement Factory has a specific surface area of 368.9m 2 /kg. The contents of the cement are shown in Table 1 . Qingdao local limestone with particle size range of 5 ~ 20mm, Qingdao Dagu River sand with the maximum grain size of 5mm and the fineness modulus of 2.7 and the cement mentioned above have been mixed. Superplasticizer and air-entraining agent have been added into this concrete. Six concrete mixtures were manufactured. The composition is shown in Table 2 . Air-entraining agent dosage was measured by the mass fraction of the air-entraining agent in the cementitious material. The pressure method [21] was used to measure the air content of fresh concrete (measured by volume fraction, the same below). C30 and C50 concrete without air-entraining was used as reference sample. The concrete mixture stirred for 180 seconds was put into the 100mm × 100mm × 100mm cube molds and the 100mm × 50mm cylinder molds. Then they were shaken for 20 seconds [5] and demolded after molding for 24 hours. Then the cubes were air-cured in a laboratory atmosphere (20±2℃, 95%RH). Some of the cubes were taken out for compressive strength test when air-cured for 3, 7and 28days. The others were crushed into particles after being cured for 28 days, cement particles in diameter of less than 10mm were chosen for scanning electron microscopy test and the ones in diameter of less than 5mm were chosen for mercury intrusion porosimetry. The cylinders were water-cured in the same laboratory atmosphere. When the curing time reaches 3, 28 and 56 days, some of the cylinders were taken out for chloride diffusion test measured by the RCM method [6, 19] . The others were cast as 100mm×100mm×10mm slices as cured for 28 days. Then the slices were grinded, polished and finally dried in the oven at 60 ± 5℃ for the bubble spacing coefficient test measured by using NELD -BS610 Hardened Concrete Bubble Spacing Coefficient Analyzer. It indicates from Fig. 1 that the compressive strength value of C30 concrete with 5% air content and the value of C30 reference concrete are similar. The value of C30 concrete with 10% air content is lower than that of the reference concrete. It can be noticed that the compressive strength value of C30 concrete with 5% air content is slightly higher than that of C30 reference concrete when it is 28 days. This is because the air bubbles produced by the air-entraining agent increase the compressive strength of the concrete to a certain extent when the air content is in the appropriate range [22] . And the bubbles distributed in the hardened concrete evenly increase the ways of crack extension, which weaken the stress concentration at the end of the micro-cracks in concrete. So cracks can't be quickly extended to the other direction or even stop the expansion, thereby the compressive strength of concrete increases [18] .
RESULTS AND DISCUSSION
Compressive strength
The values of C50 concrete from Fig. 2 presents that the compressive strength of C50 concrete with 5% air content is slightly lower than that of the reference concrete. The compressive strength of C50 concrete with 10% air content is obviously lower than that of C50 reference concrete. This is because when the air content of concrete exceeds a certain range, the bubbles will reduce the density of concrete to a large extent, so the concrete suffers from less external force owing to lack of compactness [8, 17] . The chloride diffusion coefficient of C30 concrete is shown in Fig. 3 . From  Fig. 3 , it is observed that the value of C30 reference concrete is the largest, the one of C30 concrete with 5% air content is the minimum. The chloride diffusion coefficient of C50 concrete is presented in Fig. 4 . The chloride diffusion coefficient of C50 concrete with 5% air content is almost the same as that of C50 reference concrete. Specifically, the value of C50 concrete with 10% air content is the largest. Compared to Fig. 3 , it can be noted that the chloride diffusion coefficient of C50 concrete is much lower than that of C30 concrete.
In conclusion, the air content and water cement ratio of concrete are the main factors that affect the chloride diffusion coefficient. In fact, the air content exists a best value which is generally between 4% and 6%. When the air content is the best value, the chloride diffusion coefficient of the concrete will be the smallest. But when the air content exceeds the optimum value, the chloride diffusion coefficient will increase with the increase of the air content. The chloride diffusion coefficient of concrete with low water-cement ratio is lower than that of concrete with high water-cement ratio. Because the distribution of air bubbles in concrete with low water-cement ratio is better than that with high water-cement ratio. 
The pore structure characteristics of air-entrained concrete
Previous studies show that the pore can be divided into four classes, namely the harmless pore (diameter <20 nm), less harmful pore (20~50 nm) and harmful pore (50~200 nm) and more harmful pore (>200 nm) [9, 10] . Most probable pore size is the pore size that has a maximum proportion. When the proportion of harmful pore and more harmful pore and most probable pore size are small, the chloride diffusion coefficient will become small too. It can be concluded from Fig. 5 that there is no significant difference in pore size distribution of C30 concrete with different air content. Most probable pore size of C30 concrete with 5% air content is minimum, and C30 concrete with 10% air content is characterized by somewhat lower values, compared with C30 reference concrete. The relationship between the pore structure characteristics and the chloride diffusion coefficients of C30 concrete was found to be well correlated. It can be noted in Fig. 6that the most probable pore sizes of C50 concrete with different air content are almost the same. However, the harmful pore and more harmful pore of C50 concrete with 10% air content account for a larger proportion. The relationship between the pore structure characteristics and the chloride diffusion coefficients of C50 concrete is the same as that of C30. Fig. 7 , the size of internal pores shown in Fig. 8 is smaller than that ofC30 reference concrete and the pores distribute more uniformly. The addition of air-entraining agent into concrete results in the formation of small, uniform, stable and closed bubbles in the cement-stone structure, which effectively cut off the connectivity of the pore, increase the surface area of the whole porous system and inhibit the formation of harmful pore.
3.5 The air bubble characteristic parameters of concrete Fig. 9(a) shows the bubble distribution of C30 reference concrete, and (b) shows the bubble distribution of C30 concrete with 5% air content. A comparison between the two mixtures indicates that proper air content can lead to a pronounced system of artificial air bubble inside the concrete matrix. Table 4 shows results of the characteristic parameters of bubbles in hardened concrete. The relationship between the air content of fresh concrete and the value of hardened concrete is shown in Fig. 10(a) . It is noted that the air content in hardened state was more or less in accordance with the measured air content in the fresh state. Fig. 10(b) shows the bubble spacing factor of different samples, it is observed that when the air content is less than the optimum value, the spacing factor gradually becomes smaller with the increase of air content. To the contrary, the values changes slightly when the air content exceeds the optimum value. Moreover, the spacing factor of the mixture with lower water-cement ratio is lower than the mixture with higher water-cement ratio when the air content is a constant. 
CONCLUSION
Based on the results obtained, the following conclusions can be made: (1) Adding air-entraining agent will have a certain impact on the compressive strength of concrete. When the air content is 5%, its compressive strength has no obvious decrease compared with the reference concrete. But when the air content is 10%, the value has a significant decrease. (2) The air content and water cement ratio of concrete have an impact on the chloride diffusion coefficient. When the air content is the optimum value, the chloride diffusion coefficient of the concrete will be the smallest. The value of concrete with low water -cement ratio is smaller than that of concrete with high water -cement ratio, as the air content is the same. (3) The air content has great influence on the bubble distribution and pore connectivity of concrete, which has a great impact on chloride diffusion coefficient. When it reaches to the optimum value, the connectivity of the tunnel is cut off more effectively and the chloride diffusion coefficient of concrete decreases. When it exceeds the optimum value, the bubble size becomes larger, and the effect of the pore connectivity is weakened, the chloride diffusion coefficient of concrete increases.
